Paneth cells are morphologically well characterized but their function has been not elucidated. Previously, we identified and putified a 90 KD zinc-binding protein (ZBPP1) in rat intestine that was localized to Paneth cell granules, consistent with their high zinc content. To further elucidate the structure and function of ZBPP1, we immunized Balbk mice with p d i e d ZBPP1 and idenNied four independent monoclonal antibodies (MAb) producing MAb ZIP1 ( IgM), ZIP2 (IgGI), ZIP3 (IgM), and ZP4 (IgM). Immunohistochemistry @IC) and immunoelectron miaoscopy (EM) with these MAb showed positive staining of Paneth cell qtoplasmic granules. MAb ZBPPl also stained a population of mononuclear cells in the lamina propria of digestive tract mucosa and a few cells in spleen, presumably a subset of macrophages. These MAb will provide a useful tool to study the h c t i o n of Paneth cells in human health and disease, since they aossreacted with human intestinal Paneth cells and mucosal mononuclear cells. ( J Hisrochem CytoCtem 42467472, 1994) KEY WORDS: Paneth cell; Monoclonal antibody: Zinc-binding protein.
Introduction
Paneth cells are located deep within intestinal crypts and are morphologically well characterized, but their function has been not elucidated (1) (2) (3) . The high zinc content in Paneth cell granules has been demonstrated by formation of a purple-red deposit of zinc dithizonate complexes after injection of dithizone (4), a metal chelator with high affinity for zinc. Further evidence of zinc-containing granules in Paneth cells has been provided by histochemistry (5, 6) , autoradiography with 65Zn (7), and by X-ray microanalysis (8, 9) . Previously, we have shown that TV injection of dithizone in rats induces a rapid, selective destruction of Paneth cells, followed by regeneration within 72 h (10) . By comparing the intestinal mucosal proteins of the dithizone-treated rats with control rats, we identified and characterized Paneth cell-specific proteins. One of these proteins, a 90 KD zinc-binding protein of Paneth cells (ZBPP-l), was purified to homogeneity from normal rat intestine by a combination of metal chelator-affinity chromatography and electrophoresis (11) . A polyclonal rabbit antiserum directed against ZBPP-1 specifically stains Paneth cell cytoplasmic granules (10) . This im-' Supported by a Grant-in-Aid from the Ministry of Education, Science and Culture, Japan, and by a grant from the Foundation for Environmental Science.
Correspondence ta Hiroshi Hiai, MD, ,Dept. of Pathology, Faculty of Medicine, Kyoto University, Yoshida-Konoe-cho. Sakyo-ku, Kyoto 606, Japan. munoreactivity is lost after dithizone treatment and resumes in conjunction with Paneth cell regeneration. To further characterize ZBPP-1 and aid in our understanding of Paneth cell physiology we generated four independent mouse hybridomas producing monoclonal antibodies (MAb) to rat ZBPP-1. Immunohistochemically, these MAb positively stain Paneth cells granules and mononuclear cells in the lamina propria of rats as well as Paneth cells in human tissue. Therefore, these MAb are promising markers for human Paneth cells in normal and pathological conditions.
Materials and Methods
Animals. Male Wistar rats 7-15 weeks old were purchased from Shizuoka Laboratory Animal Center (Shizuoka, Japan). The mast cell-deficient W s mutant rat (12) and wild-type control rat were raised by YK. For immunization, 7-8 week-old female Balb/c mice were obtained from Charles River Japan (Atsuki, Japan).
Preparation of ZBPP1. ZBPP-1 was purified as described previously (11) .
In brief, rat small intestinal mucosa was sonicated in 0.01 M phosphate buffer (pH 7.2) containing 1% Triton-X and 1 mM PMSF. After cenuifugation at 1600 x g for 20 min at 4'C, the supematant was applied to a chelating Sepharose column (Pharmacia; Uppsala, Sweden) saturated with Zn2' and equilibrated with 0.05 M Xis-acetic acid (pH 8)/0.5 M NaCl (13) . After washing, zinc-binding proteins were eluted with 0.05 M Tris-acetic acid/&) M NaCl (pH 3) and a final wash of 0.05 M EMM1 M NaCI. The eluate was dialyzed against 0.01 M phosphate buffer (pH 7.2) and applied to a hydroxyapatite column equilibrated with 0.01 M phosphate buffer (pH SAWADA. HORIGUCHI. ABUJIANG. W A K E . KITAMURA. MIDORIKAWA, HIAI 7.2). After washing. column-bound proteins were eluted with 0.5 M phosphate buffer (pH 7.2) and dialyzed against 0.01 M phosphate buffer (pH 7.2). We ddined this eluate as crude ZBPP. The crude ZBPP was elecrrophoresed in SDS-PAGE (14) and a n n p containing 90 KD proteins was cut out from the gel. from which the protein was collected by electroclution (Maxyield: A m , Tokyo, Japan). This sample was the purified ZBPP-l that yielded a single 90 KD band in SDS-PAGE and also by Western blot analysis.
Production of Hybridomas. Balbk mice were injected sc and 1P with 80 pg of purified ZBPP-1 and at 2 and 4 weeks after the initial injection. For the first immunization, the antigen was emulsified in Freund's complete adjuvant and thereafter in incomplete adjuvant. Three days after the last injection, spleen cells were fused with NS-I myeloma cells. and hybridomas were selected in hypoxanthine-aminoprerine-thymidine (HAT) medium. as described previously (15). The clones producing anti-ZBPP-I antibody were screened by ELISA and subcloned by repeated limiting dilutions. Antibody isorype was determined with a mouse MAb isotyping kit (INNOLIA; Innoppnetics. Antwerp. Belgium). MAb anti-Thy 1.2 (clone 010. IgM) was used as an isorype matched control throughout this study.
ELISA. Ninety-six well microtiter plates were filled with 50 pI ofcrude ZBPP in 0.01 M PBS and incubated at 4'C overnight. After three washes in PBScontaining 1% bovine serum albumin (PBS-BSA)/O.S% Tween 20. each well was filled with 200 pl PBS-BSA to block nonspecific binding for 1 hrat room tcmperarure(RT). Afrerthreewashes. 150 ploftheculrure supematant was added to each wII and incubated for 3 hr at R'I Pre-immune Balbk serum (diluted 1:100) was used as negative control. After three washes. 200 pI of peroxidase-conjuptcd anti-mouse IgG antiserum (1:2000 in PBS) was added and incubated for an additional 2 hr at RT. After washing. 100 pI ofO.05 M citrate buffer (pH 5 ) containing 0.4 mglml of 0-phenylenediamine (Wako Chemical; Osaka, Japan) and 0.015% H202 was added and incubated for xveral minutes at RT. The reaction was terminated by addition of 2 M sulfuric acid and was quantitated in a microplate reader (Mulriskan; Labsystems. Oulu. Finland). Clones with strongly positive reactions were subjected to further selection.
Western Blot Analysis. The crude ZBPP preparation was analyzed by Wmern bloning technique using MAb to ZBPP-I and biotin-avidin-horseradish peroxidase complex (Vectasrain; Vector Labs, Burlingame. CA) as described previously (1 1).
Immunohistochemistry. For routine examination, segments of rat ileum 2 cm proximal to the ileocecal junction were used. Also examined were brain, esophagus. spleen, liver. and prostate tissues. To establish an appropriate method of tissue fixation for immunostaining. tissues were divided into four equal parts. The first was fixed with Zamboni solution. the x cond with Bouin solution. and the third with 10% neutralized formalin. These samples were either embedded in OCT compound (Miles; Elkhart. IN) to prepare cryostat sections or in paraffin to make sections of 3.5 pm thickness. The fourth was snap-frozen, and 8-pm cryostat sections were stained either unfixed or post-fixed in either Zamboni. Bouin solution. or 10% neutralized formalin for 3 min.
Human intestinal tissues were obtained after receiving informed written consent from patients who underwent surgical mccrion for alimentary tract dixase. The tissue fragmenrs distant from gross lesions were processed immediately after removal. as described above.
Sections for immunohistochemistry were then incubated for 30 min at RT with 0.33% H202. After three washes in 0.01% phosphate buffer. the xctions were incubated for 30 min at RT with normal h o w scrum diluted 1:100 in PBS-BSA. Excess serum was discarded and the sections were incubated owmight at 4% with anti-ZBPP-l diluted in PBS-BSA. After three washesin PBS. thesectionswere incubatedfor40minat RTwithasolurion of biotinylared horse anti-mouse IgM antibody diluted in 1:2OO in PBS-BSA. After three washes in PBS. the sections were transferred to a solution of biotin-avidin-horseradish peroxidase complex, incubated for 50 min at RT, and washed three times. The peroxidw bound roche sections was detected by DAB with H202 in 0.05 M Tris-HCI (pH 7.6).
Immunoelecuon Micmcopy. Segments of rat ileum were fixed in Zamboni solution on ice for 5 min immediately after removal. Subsequently, the tissues were trimmed to 1 mm long and further fixed for 6 hr at 4'C. After rinsing in PBS overnight at 4'C. the tissues were passaged to PBS containing 10% sucrose and 5% glycerol and then to PBS conraining 15% sucrose and 10% glycerol. each for 2 hr at 4'C. The tissues were embedded in OCT compound containing 10% sucrose and 5% glycerol and snap-frozen in liquid nitrogen. Ultnstructural localization of ZIP-1 cpirope was determined by indirect immunoperoxidase EM (16) . In brief. 8-pm cryostat sections were stained with avidin-biotin-pcroxidw complex (Vectastain kit) and sections were post-fixed in 1% glutaraldehyde in 0.05% PBS for 5 min at 4'C. After rinsing in PBS. the sections were transferred into 0.03% HzOz for 30 min and peroxidase-detected by DAB. The sections were then postfixed with osmium and embedded in Epon.
Results

Preparation of Hybridomas to ZBPP-1
ZBPP-1-immunized Balblc spleen cells were fused with NS-1 myeloma cells and the hybridomas were screened for reactivity to a crude preparation of zinc-binding proteins from rat intestinal mucosa in ELISA. Out of 588 hybridomas, four independent clones exhibiting intense immunoreactivity were finally isolated: MAb ZIP-1 (IgM), ZIP-2 (IgGl), ZIP-3 (IgM). and ZIP-4 (IgM). As shown in Figure 1 sues fmed in Zamboni solution gave acceptable results, but the number of positively stained cells was decreased compared with frozen sections fixed in Zamboni solution.
I
Immunohistochemistry with Anti-ZBPP-1 Antibodies
It is interesting that in addition to staining Paneth cells, mononuclear cells in lamina propria were also strongly stained with both the rabbit polyclonal antiserum and the monoclonal anti-ZIP-1 (Figure 2A ). The positively stained mononuclear cells were distributed throughout the digestive tract, except in esophagus. It is unlikely that these cells were mast cells, as they were present in the intestine of the Ws rat (12) . a c-kit mutant rat lacking mast cells (data not shown). In serial sections, a fraction of CD-68-bearing mononuclear cells in lamina propria were shown to be stained by ZIP-1 as well, indicating that these mononuclear cells were a subset of macrophages. A small number of ZIP-I-positive mononuclear cells were found scattered in the splenic red pulp and Peyer's patches. Positive staining was not observed in rat pancreas, liver, lung, brain, kidney, prostate, and heart. Immunohistochemically, the other three MAb gave similar results (data not shown).
As shown previously, dithizone induced selective destruction of Paneth cells (10.11). As expected, immunoreactivity of ZBPP-1 as detected by ZIP-1 also disappeared immediately after dithizone watment ( Figure 2B ) and resumed 72 hr later ( Figure 2C ) with Paneth cell regeneration. In contrast to Paneth cells, mononuclear cells did not form zinc-dithizonate complexes and remained intact after dithizone treatment ( Figure 2B) . Another difference in the staining characteristic of the mononuclear cells in lamina propria is that unlike Paneth cells, the mononuclear cells were easily stained in a variety of fixatives, including 10% formalin containing 1% acetic acid or 1% trichloroacetic acid. Optimal staining was obtained in Bouin-fixed frozen or paraffin sections. which did not allow staining of Pancth cells ( Table 1) .
Staining of Human Intestine
The possible application of anti-ZBPP-1 MAb to human tissues was explored. Samples were obtained from macroscopically normal ileum extirpated for alimentary tract cancers. As shown in Figure  3A . Pancth cells and mononuclear cells in lamina propria of human ileum were positively stained. provided that unfixed frozen sections were employed ( Table 1 ). In some cases, paraffin sections of Zamboni-fixed ileum gave acceptable results ( Figure 2D ). but not consistently. Samples taken from autopsy cases were generally unsatisfactory. The polyclonal rabbit anti-ZBPP-l antiscrum did not stain any of the cells in human tissues.
Immunoelectron Microscopy of Paneth Cells
To further elucidate the intracellular localization of ZBPP-I in Paneth cells. IEM studies were performed. Because of technical difficulties in fixation, as stated earlier. conservation of ultrastructure was rather limited. Several trials of staining under different conditions were done, and the best was prepared from a frozen section fixed with Zamboni solution. More than 15 Paneth cells were examined and actually similar findings were obtained from EM. Typical electron microscopic photographs are illustrated. Positive signals appeared to localize in granules of Paneth cells as amorphous masses or as fine granular material that tended to diffuse across the limiting membrane of the granules (Figures 3A and 3B ). Staining was also found in some lysosomes and fine vesicular bodies ( Figure 3B ). The mononuclear cells in intestinal mucosa bore many intensely stained fine granular bodies, either diffusely distributed in the cytoplasm or concentrated in pseudopods (Figure 4) . There was some non-specific staining of a fcw eosinophils and macrophages. No positive staining was observed in isotype-matched controls (data not shown).
Discussion
Although Paneth cells were first described more than 100 ycars ago. their function has remained unclear. Some have suggested that they are involved in the elimination of heavy metals (17) (18) (19) or in regulation of intestinal flora, either by their phagocytic activity (20.21) or by secretion of the lysozyme-like enzymes and immunoglobulins found in their cytoplasmic granules (22-27). The fact that Paneth cells express CD1 (28). TNF (29). and cryptdin (30.31) suggests a role for these cells in the primary defense against infectious agents. To further characterize the biochemistry and cell biology of Paneth cells, we dcveloped four MAb against the 90 KD zincbinding protein (ZBPP-I) purified from rat intestinal mucosa. All four antibodies stained Pancth cell granules as well as mononuclear cells in the lamina propria of the digestive tract. Unlike the polyclonal rabbit antiserum against ZBPP-1. these antibodies stained human Paneth cells in unfixed frozen sections. and therefore they will be promising reagents in the study of human digestive tract in health and disease. Immunostaining of ZBPP-1 required cardul preparation and fixation of tissues. For the best results. we recommend fixing rat intestinal specimens in Zamboni solution and then preparing frozen sections for staining. Howcver, for human Paneth cells. staining of unfixed frozen sections yields more consistent results. One of the explanations for these findings is the destruction of Paneth cell granules by most common fixatives and dispersion of their contents bearing the ZBPP-1 epitope. Another explanation is that a specific conformation of the ZBPP-I molecule is required for antibody recognition. The antigen used for immunization was denatured in the process of purification; therefore, the antibody might be generated to a hidden epitope in the native ZBPP-1 protein, Irrespective of these difficulties. anti-ZBPP-1 MAb provide excellent reagents to approach the poorly defined functions of zincbinding proteins in Paneth cells.
The nature of the ZBPP-I has remained obscure, although the close intracellular localization of ZBPP-l and other lysozyme-like enzymes in Pancth cell granules (11.22.23.25) siiggests that ZBPP-l may well be one of the lysosomal enzymes shared by Paneth cells and macrophages. However. there was considerable difference in the staining characteristics of proteins bearing the ZBPP-1 cpitope in Pancth cells and macrophagcs. suggesting that the ZBPP-1 protein may not be identical in the two cells. Although both macrophages and Paneth cells contain defcnsins (30,31), a family of cationic, rclatively arginine-and cysteine-rich non-glycosylatcd peptides, it docs not appear that ZBPP-1 is a defensin, since the molecular size of defcnsins (3500-4000) is far smaller than ZBPP-1 (32). Schiechl (32) prepared an MAb SIlCCl to 50-65 KD proteins from rat small intestine, which stained Paneth cell secretory granules. the basolateral plasma membrane of undifferentiated crypt cells. and eosinophil leukocyte granules in rats. ZBPP-1. however, appears to be distinct from the antigen of SIICCI. because ZBPP-1 is larger (90 KD) than SIlCCl and ZBPP-l is found in macrophages but not in eosinophils.
